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ABSTRACT
Capsule: Smaller woodlands not only support fewer species but also show diﬀerent avian
community composition due to loss of woodland interior and an increase in edge habitat.
Aims: To use observed community composition changes, rather than traditional total species
richness-area relationships, to make area-speciﬁc management recommendations for optimizing
woodland habitat for avian communities in fragmented landscapes.
Methods: 17 woodlands were selected in Oxfordshire, UK, with areas between 0.2 and 120 ha.
Three dawn area searches were conducted in each woodland between 1st April and 28th May
2016 to record encounter rates for each species. The impact of internal habitat variation on
woodland comparability was assessed using habitat surveys.
Results: Woodlands with area less than 3.6 ha showed a signiﬁcant positive relationship between
total avian species richness and woodland area. Woodlands with area over 3.6 ha were all consistent
with a mean (± se) total richness of 25.4 ± 0.6 species, however the number of woodland specialists
continued to increase with woodland area. Woodland generalists dominated the total encounter
rate across the area range, however the fractional contribution of woodland specialists showed a
signiﬁcant positive correlation with woodland area, while the fractional contribution of non-
woodland species signiﬁcantly decreased. Non-woodland species numbers peaked in mid-sized
woodlands with enhanced habitat heterogeneity.
Conclusions: Community composition analysis enabled more targeted recommendations than
total species richness analysis, speciﬁcally: large woodlands (over 25 ha) in southern UK should
focus conservation eﬀorts on providing the speciﬁc internal habitats required by woodland
specialists; medium-sized woodlands (between approximately 4 and 25 ha) should focus on
promoting internal habitat variety, which can beneﬁt both woodland species and non-woodland
species of conservation concern in the surrounding landscape; small woodlands (under 4 ha)
should focus on providing nesting opportunities for non-woodland species and on improving
connectivity to maximize habitat for woodland generalists and facilitate movement of woodland
specialists.
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Deforestation has reduced woodland cover in the UK to
just 11% (Smith & Gilbert 2003) and much of this
woodland now consists of relatively small and isolated
fragments. Fragmentation poses serious problems for
birds dependent on woodland habitats. First, it reduces
the area of available habitat. Second, it increases edge
eﬀects such as pesticide encroachment, increased light
intensity and increased variability in micro-climatic
conditions, which erode the quality of the remaining
habitat, and can result in increased predation,
competition and disturbance, as well as diﬀerences in
invertebrate prey availability (Palik & Murphy 1990,
Willi et al. 2005, Wilkin et al. 2006, Bennett et al. 2015,
Tew & Hesselberg 2017, Valentine et al. 2018). Finally,
increased isolation limits movement and gene ﬂow
between fragments, leaving populations isolated and
potentially vulnerable to local extinctions (Macnally &
Bennett 1997, Hill et al. 2011). The degree of isolation
strongly depends on the type of land-use around the
fragment, with open agricultural environments
representing signiﬁcant barriers for some species (Haas
1995, Desrochers & Hannon 1997, Biz et al. 2017).
This has led to woodland fragments being likened to
oceanic islands (Whitcomb et al. 1977). Island
biogeographic theory predicts smaller, more isolated
islands should contain fewer species, where this is
attributed to immigration rate decreasing with isolation,
extinction rate increasing with decreasing area and
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larger islands showing greater habitat heterogeneity
(MacArthur & Wilson 1967). Woodland fragments do
show such species–area relations (Galli et al. 1976,
Freeman et al. 2018), however the extent to which the
analogy is appropriate has since been debated (Haila
2002, Brudvig et al. 2017).
One important respect in which woodland fragments
diﬀer from oceanic islands is that the surrounding
environment is not completely inhospitable. Many
woodland species can and do make signiﬁcant use of
habitats beyond the wooded environment (woodland
generalists). Since individual woodland species diﬀer in
their ability to use other habitats, their response to
woodland fragmentation will diﬀer, with those most
dependent on woodland (woodland specialists) most
adversely aﬀected (Hinsley et al. 1996, Matthews et al.
2014, Freeman et al. 2018). Added to this, non-
woodland species from the surroundings may use
woodland edge for nesting and foraging. The smaller
the woodland, the greater the fraction interior-averse
edge-species can utilize. If the surrounding habitat is
farmland, many of these edge-species will be farmland
birds – a group which has suﬀered even greater
population declines than woodland birds (DEFRA
2017). A woodland too small to support most
woodland birds may provide these species with
essential nesting habitat in areas where hedgerow
habitat has become scarce. Therefore, we predict
smaller woodlands to have fewer species, and for
species composition to change with area, due to loss of
strongly woodland-dependent species and an increase
in edge-species, as shown by Bellamy et al. (1996) and
Carrara et al. (2015).
Despite this, much work has focused solely on total
species richness and using species–area relationships to
determine the optimum size and conﬁguration of
habitat patches (such as woodland) in order to
maximize within-patch diversity (Margules et al. 1982,
Le Roux et al. 2015). This approach overlooks these
two key area-dependent eﬀects: that the species–area
relationships may hide a turnover of species, due to
species composition altering with patch area, and that
the function provided by the habitat patch to its
species may alter with patch area, such that smaller
patches with lower within-patch diversity may
contribute to outside-patch (i.e. landscape-level)
diversity by providing just one function to non-habitat
specialists (Spellerberg & Sawyer 1999). This suggests
better landscape-level conservation outcomes might be
achieved by assessing community composition as a
function of woodland area and managing each
woodland appropriately for the avian communities that
typically use woodlands of that size.
The purpose of this study is to investigate changes in
avian community composition with woodland area using
a study area typical of fragmented southern UK
landscapes, to determine whether observed changes in
avian community composition can be used to make
more targeted management recommendations than
traditional total species-richness area relations. The
four key aims of the study are:
(1). To extend the area range of previous studies such as
Bellamy et al. (1996), which typically focus on very
small woodlands (under 10 ha), and compare
woodlands spanning three orders of magnitude in
area.
(2). To compare total species richness with species
numbers for woodland specialists, woodland
generalists and non-woodland species as a
function of woodland area.
(3). To compare encounter rates (i.e. relative
abundance) for woodland specialists, woodland
generalists and non-woodland species as a
function of woodland area.
(4). To identify changes in community composition
which may inform area-speciﬁc woodland
management recommendations and contrast these
with recommendations derived from a traditional
total species richness-area analysis.
Since species occurrence is also aﬀected by internal
habitat variation, we used habitat surveys to assess
woodland comparability and ensure that diﬀerences in
species occurrence/encounter rates could be attributed
to area eﬀects.
Methods
Woodland sample
The study was carried out in Oxfordshire, UK, where the
wooded landscape is highly fragmented and typical of
that found in southern UK: within the county,
woodland cover represents 7% of total land area and
93.4% of woodlands are under 10 ha (Smith & Gilbert
2002). In order to maximize comparability between
encounter rates measured in diﬀerent woodlands, the
study used a single surveyor and a narrow spring survey
window. An initial sample size of 20 woodlands was
chosen, allowing each woodland to be surveyed on
three separate days over two months. Google satellite
images were used to identify woodlands within a
70 km2 survey area and woodlands selected to give an
even spread of sizes, with priority given to those with
clearly deﬁned boundaries. Permission was obtained to
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survey in all but three of the selected woodlands, leaving a
ﬁnal sample of 17 woodlands ranging in area from 0.2 to
120 ha. Figure 1 shows the woodland locations, with
woodlands labelled 1–17 in order of increasing area.
Surrounding external habitat varied from entirely urban
(woodlands 9 and 10; Figure 1) to entirely agricultural
(woodlands 3 and 8; Figure 1). None of the woodlands
have shown signiﬁcant area changes in the last 30 years,
so time-dependent eﬀects (due to the species richness
response lagging behind any changes in woodland area)
are assumed negligible within the sample.
Bird surveys
Dawn bird surveys were carried out between 1st April
and 28th May 2016 to correspond with the peak song
period. Since song activity decreases signiﬁcantly as the
morning progresses (Palmgren 1949), a strict survey
window between sunrise and 2.5 h after sunrise was
used in order to maximize comparability of encounter
rates between surveys. Each woodland was surveyed
three times, with stratiﬁed random scheduling used to
determine woodland survey order. Where survey dates
could not be randomly selected due to access
constraints (two woodlands), care was taken to ensure
one survey fell within each survey period. In the event
of heavy rain or high winds, surveys were rescheduled
to avoid adverse weather conditions depressing
encounter rates.
Each survey consisted of an area search of the
woodland, recording time of ﬁrst encounter with each
species and tallying all subsequent encounters. Species
Figure 1.Map showing locations of sample woodlands, where woodlands are labelled 1–17 in order of increasing woodland area. Label
colour indicates the area bin each woodland belongs to: bin 1 woodlands (1, 2, 3 and 4; 0.20 ha < A < 2.23 ha) are magenta, bin 2
woodlands (5, 6 and 8; 3.63 ha < A < 5.23 ha) are cyan, bin 3 woodlands (7, 9, 10 and 11; 4.69 ha < A < 9.46 ha) are blue, bin 4
woodlands (12, 13 and 14; 21.70 ha < A < 36.18 ha) are green, and bin 5 woodlands (15, 16 and 17; 71.30 ha < A < 120.38 ha) are
red. Inset shows location of study site within UK (orange point). Base maps from Open Street Map and Google Satellite.
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accumulation curves were constructed from the time of
ﬁrst encounter data, to check for comparable survey
completeness across the entire area range, while the
total number of encounters per species was divided by
survey duration to obtain encounter rates per species.
Precipitation (none/light rain/rain), wind conditions
(still/light/breezy), cloud cover (none/patchy/full),
temperature (UK Met Oﬃce prediction for Oxford)
and type of encounter (visual/vocal/both) were
recorded as quality-control data.
Standardized area searches were chosen since these
oﬀered the most comparable survey method across the
3 orders of magnitude area range, and they have been
shown to yield more complete richness estimates than
either transects or ﬁxed eﬀort searches (Watson 2004).
Ideally, the route taken during the area search
systematically covered the entire area of the woodland
(including edge habitat), such that it intersected every
potential territory, within the time limit of 2.5 h after
sunrise. This was only possible for the 11 smallest
woodlands (under 10 ha), given a constant walking
speed of 1–2 km h−1. For these woodlands, the survey
ended when the entire area had been searched. At
woodlands 12 and 15, access was only permitted to
part of the woodland, reducing the surveyed area to
10.22 ha and 11.73 ha, respectively. In these
woodlands, survey routes were more widely spaced in
order to cover the entire survey area within the time
limit. For woodlands 13, 14, 16 and 17, widely spaced
routes were interlaced in order to cover the entire
woodland area over the course of the three surveys,
with each individual survey completed within the time
limit. Routes were tracked using a Global Positioning
System (GPS) unit to facilitate route variation and help
achieve completeness of coverage. Where there were
large areas of alternative habitat within the woodland
(e.g. reedbed at woodlands 7, 9 and 11) routes were
chosen which stayed as close to the woodland as
possible. Where woodland edges were aﬀected by road
noise (in woodlands 6, 14, 16 and 17), these sections
were avoided, as road noise can drown out
vocalizations, reduce breeding bird density (Reijnen
et al. 1995) and alter community composition (Francis
et al. 2009), and care was taken to survey alternative
sections of edge habitat.
Habitat surveys
The aim of the habitat survey was to quantify any
diﬀerences between woodlands that may aﬀect species
richness and reduce comparability. Habitat surveys
were conducted following the ﬁnal bird survey of each
woodland, as this sampled the maximum vegetation
growth during the survey period.
Random sample locations were generated using QGIS
software (version 2.10.1, QGIS Development Team
2015), with number of samples scaled with woodland
area as N / A1/3 (where A is the surveyable area of the
woodland in the case of woodlands 12 and 15 where
access is restricted). Five sample points were required in
the smallest woodland, as a compromise between
achieving suﬃcient data resolution (20%) without losing
independence of sample locations, giving a sample size
of 37 (maximum feasible with survey resources
available) in the largest with the adopted scaling.
Sample points were located with a GPS unit, and
presence/absence of habitat types in the immediate
vicinity (within 4 m) recorded. Eleven habitat
categories were adopted, based on those used by
Hinsley et al. (1995) in their assessment of habitat
factors inﬂuencing the presence of bird species in
woodland fragments. The 11 categories were water
(any pond, stream, river), reedbed (including
sedgebed), open glade, thin ground layer, thick ground
layer, short shrub layer (<1.5 m), tall shrub layer
(>1.5 m), young scrub/young trees (<2 m), mature
scrub (>2 m), mature coniferous trees, mature
deciduous trees. The distinction between thin and thick
ground layers was based on fractional cover as viewed
from above combined with vegetation height and was
subjective, however a single observer conducted all
surveys, reducing observer variation. In general, where
patches of bare ground were seen or the ground cover
was short turf, the ground layer was classed as thin.
Where herbaceous vegetation cover was roughly
continuous (>90%) and between ankle and hip height,
it was classed as thick ground cover.
Data analysis
Data from individual woodlands was binned before
analysis to minimize the impact of habitat variations
between woodlands. Woodlands were binned by
increasing area into the following ﬁve bins: bin 1
contains woodlands 1, 2, 3 and 4 (0.20 ha < A <
2.23 ha); bin 2 contains woodlands 5, 6 and 8
(3.63 ha < A < 5.23 ha); bin 3 contains woodlands 7, 9,
10 and 11 (4.69 ha < A < 9.46 ha); bin 4 contains
woodlands 12, 13 and 14 (21.70 ha < A < 36.18 ha);
and bin 5 contains woodlands 15, 16 and 17
(71.30 ha < A < 120.38 ha). The woodlands in bin 3 all
have a high perimeter:area ratio and contain a higher
proportion of water and/or reedbed habitats, hence
woodland 7 was assigned to this bin, despite having
slightly smaller area than the largest woodland in bin 2.
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The woodland bins were ﬁrst tested for signiﬁcant
diﬀerences in habitat composition, which may aﬀect
the presence/absence of individual species and so
inﬂuence community composition. Due to non-
normality of the habitat data, Kruskal–Wallis tests
were used to compare the median percentage of sample
points containing each habitat type across the ﬁve area
bins and the total number of habitat types present
across the ﬁve area bins.
The woodland bins were then tested for signiﬁcant
diﬀerences in total species richness using a one-way
analysis of variance (ANOVA; when comparing bins 1,
2, 4 and 5, where data was normally distributed within
the bins) and the Kruskal–Wallis test (when
additionally comparing bin 3, which contained non-
normal data). The one-way ANOVA and all Kruskal–
Wallis tests were carried out using QED statistics
(Henderson & Seaby 2007).
In order to investigate changes in community
composition, we used the habitat groups assigned to
each species by DEFRA (2017), which are used to
calculate UK-wide population trends, to divide species
into three guilds: non-woodland species are those that
do not depend on woodland, woodland generalists are
woodland species that have adapted to live in other
habitats, and woodland specialists are species that are
strongly dependent on woodland. For each individual
woodland, we calculated (1) the mean number of
species from each guild recorded across its three
surveys and (2) the mean fraction of the total
encounter rate that is due to each guild across its three
surveys. For each woodland bin, we then calculated (1)
the mean number of species from each guild across all
the woodlands in that bin and (2) the mean fraction of
the total encounter rate that is due to each guild across
all the woodlands in that bin. Mean fraction of the
total encounter rate is a measure of the relative
abundance of each guild across the woodland bins
(assuming detectability remains constant). We assessed
the dependence of the mean number of species (N)
from each guild (D) on the mean area (A) of the
woodland bin by ﬁtting the linear model: lm
(N∼log10(A)∗D, weights = 1/1N), where 1N is the
standard error on N . We assessed the dependence of
the mean fractional contribution to the total encounter
rate (F) of each guild on the mean area of the
woodland bin by ﬁtting the linear model: lm
(F∼log10(A)∗D, weights = 1/1F), where 1F is the
standard error on F. In both cases, the weights allow
the models more freedom where the uncertainty on the
mean is large. The linear models were ﬁtted using R
version 3.4.3 (R Core Team 2017).
Results
Habitat surveys
Figure 2 shows the median percentage of sample
locations recording each habitat type for each area bin
(note that habitat types are not mutually exclusive and
more than one may be recorded at a given sample
location). Nine out of the 11 habitat types were present
in all ﬁve area bins. The remaining habitats were
reedbed (recorded only in bin 3) and mature scrub
(recorded in bins 2 and 3). The mature scrub fraction
of bin 2 was due to a single sample location in
woodland 6 and so deemed negligible. Of the nine
habitats which were present in all ﬁve bins, water and
tall shrub layer were the only two where a signiﬁcant
diﬀerence was found in the median percentage of
sample locations across the ﬁve bins (Kruskal–Wallis
test; K = 11.2, df = 4, P = 0.025 for water; K = 9.98, df =
4, P = 0.041 for tall shrub layer). When bin 3 was
excluded from the analysis, the diﬀerence between the
medians of the remaining bins was not signiﬁcant
Figure 2. Binned habitat data. Bar heights show median percentage of sample locations recording each habitat type, for each of the
ﬁve woodland area bins. Within each habitat category, area bins are plotted so that woodland area increases from left to right (magenta
to red), with the colours corresponding to those used in Figure 1. Vertical error bars show positions of the upper and lower quartiles
within each bin.
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(Kruskal–Wallis test; K = 3.95, df = 3, P = 0.267 for water;
K = 4.26, df = 3, P = 0.235 for tall shrub layer).
Bin 3 therefore showed signiﬁcantly diﬀerent habitat
composition compared to the other four bins: a higher
fraction of sample locations recorded water, a lower
fraction recorded tall shrub layer and it included two
additional habitat types (reedbed and mature scrub).
The four remaining bins were consistent with the same
habitat composition, with no signiﬁcant diﬀerence
between median percentage of sample locations
recording each habitat type.
Total number of habitats can aﬀect species richness
and the larger a wood is, the more potential for it to
contain a greater variety of habitats. We found there
was no signiﬁcant diﬀerence in the median number of
habitat types across the ﬁve area bins, regardless of
whether woodland 4 (which had a larger number of
habitats than other woodlands in the smallest area bin)
was included or not (Kruskal–Wallis test; K = 6.35, df
= 4, P = 0.175 including woodland 4; K = 7.63, df = 4, P
= 0.106 excluding woodland 4).
Bird surveys
In total, 12 715 encounters were recorded with 53
diﬀerent species. Table 1 lists the number of
woodlands each species was recorded in and the guild
the species belongs to (non-woodland, 29 species;
woodland generalist, 11 species; woodland specialist, 13
species). Species accumulation curves from all surveys
showed ﬂattening at late times, suggesting comparable
completeness was achieved by the end of each survey
across all woodlands.
Total species richness
Total species richness increased with area up to
approximately 3.6 ha, after which the correlation
saturated at roughly constant total richness despite
further increases in area (Figure 3).
Excluding bin 3 (due to its diﬀerent habitat
composition), there was a highly signiﬁcant diﬀerence
between the mean total species richness of the other
four woodland area bins (one-way ANOVA, F3,9 =
32.927, P < 0.001). However, if the smallest area bin
was also excluded, there was no signiﬁcant diﬀerence
between the three remaining bin means (one-way
ANOVA, F2,6 = 1.018, P = 0.416). From Figure 3, it is
clear that the woodlands in bin 3 showed comparable
total species richness to woodlands in the other three
saturated bins, despite habitat diﬀerences, and a
Kruskal–Wallis test (due to non-normality of the bin 3
data) conﬁrmed no signiﬁcant diﬀerence in median
total species richness between bin 3 and the other
saturated bins (K = 2.07, df = 3, P = 0.557). The
woodlands larger than 3.6 ha were therefore all
consistent with the same total species richness (mean
± se = 25.4 ± 0.6 species), while the bin containing
woodlands with area less than 3.6 ha had signiﬁcantly
lower total species richness.
Table 1. List of species encountered, sorted by the number of
woods in which each was recorded.
Common Name Scientiﬁc Name Guild No. of Woods
Woodpigeon Columba palumbus N 17
Wren Troglodytes troglodytes G 17
Robin Erithacus rubecula G 17
Blackbird Turdus merula G 17
Blue Tit Parus caeruleus G 17
Great Tit Parus major G 17
Carrion Crow Corvus corone N 17
Song Thrush∗∗ Turdus philomelos G 16
Chaﬃnch Fringilla coelebs G 16
Dunnock∗ Prunella modularis G 15
Blackcap Sylvia atricapilla S 15
Chiﬀchaﬀ Phylloscopus collybita S 15
Goldcrest Regulus regulus S 15
Long-tailed Tit Aegithalos caudatus G 15
Coal Tit Parus ater S 15
Nuthatch Sitta europaea S 15
Pheasant Phasianus colchicus N 14
Great Spotted
Woodpecker
Dendrocopos major S 14
Magpie Pica pica N 14
Jackdaw Corvus monedula N 14
Green Woodpecker Picus viridis S 13
Goldﬁnch Carduelis carduelis N 13
Jay Garrulus glandarius S 12
Treecreeper Certhia familiaris S 11
Willow Warbler∗ Phylloscopus trochilus S 10
Common Buzzard Buteo buteo N 9
Greenﬁnch Carduelis chloris N 9
Stock Dove∗ Columba oenas N 8
Collared Dove Streptopelia decaocto N 8
Bullﬁnch∗ Pyrrhula pyrrhula G 7
Red Kite Milvus milvus N 6
Mallard∗ Anas platyrhynchos N 5
Sparrowhawk Accipiter nisus S 5
Moorhen Gallinula chloropus N 5
Mistle Thrush∗∗ Turdus viscivorus N 5
Whitethroat Sylvia communis N 5
Reed Warbler Acrocephalus
scirpaceus
N 4
Marsh Tit∗∗ Parus palustris S 4
Tawny Owl∗ Strix aluco G 3
Yellowhammer∗∗ Emberiza citrinella N 3
Grey Heron Ardea cinerea N 2
Wood Warbler∗∗ Phylloscopus sibilatrix S 2
Rook Corvus frugilegus N 2
Reed Bunting∗ Emberiza schoeniclus N 2
Little Egret Egretta garzetta N 1
Mute Swan∗ Cygnus olor N 1
Canada Goose Branta canadensis N 1
Tufted Duck Aythya fuligula N 1
Little Owl Athene noctua N 1
Kingﬁsher∗ Alcedo atthis N 1
Starling∗∗ Sturnus vulgaris N 1
House Sparrow∗∗ Passer domesticus N 1
Linnet∗∗ Carduelis cannabina N 1
Species guilds follow those given in DEFRA (2017): N = non-woodland
species, G = woodland generalists, S = woodland specialists. Species of
conservation concern in the UK are indicated by asterisks (∗ = amber list,
∗∗ = red list) according to Eaton et al. (2015), where the amber list
includes species of moderate conservation concern and the red list
includes those species of highest conservation concern.
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The four smallestwoodlands showed an increase in total
species richnesswith area. Simple linear regressionon these
four data points (weighting the contribution of each point
to the ﬁt by the inverse of its standard error), plus a ﬁfth
point which had mean total species richness calculated
from the 13 remaining woodlands (mean ± se = 25.4 ±
0.6) and area equal to the minimum area of the ﬁrst
saturated bin, gave log10 N = (0.32+ 0.06) log10 A−
(0.1+ 0.2) where A is measured in m2, for A < 3.63 ha.
The regression was statistically signiﬁcant (F = 32.7, df =
(1,3), P = 0.011) and the adjusted coeﬃcient of
determination R2= 0.888, implying almost 90% of the
variation in total species richness was accounted for by
variation in woodland area in this case.
Community composition
Figure 4(a) shows the individual contributions of non-
woodland species, woodland generalists and woodland
specialists to the total species richness in each
woodland area bin. The large number of non-
woodland species recorded in area bin 3 (4.69 ha < A
< 9.46 ha) was a result of the signiﬁcantly diﬀerent
habitat composition of these wet woodlands. In the
smallest area bin, there were more woodland
generalist species recorded than woodland specialists,
while in the largest area bin, there were more
woodland specialist species recorded than woodland
generalists.
Although the total species richness was constant for
woodlands larger than 3.6 ha (Figure 3), Figure 4(a)
shows that the relative contributions of the three guilds
were changing, with the contribution of woodland
specialists to the total species richness increasing with
woodland area, while the contribution of woodland
generalists and non-woodland species moderately
decreased (excluding bin 3). Concentrating on the bins
where total species richness has saturated (i.e.
excluding bin 1), and excluding bin 3 (which had
signiﬁcantly diﬀerent habitat composition), we ﬁtted
the linear model to the remaining three bins (bins 2, 4
and 5) and obtained the results shown in Table 2.
There was a signiﬁcant interaction between woodland
area and guild (F = 27.3, df = 2, P = 0.012); although the
Figure 3. Total number of species as a function of woodland
area. Grey crosses show results of individual surveys. Coloured
circles show the mean of the three surveys for each woodland,
where woodlands within the same area bin share the same
colour, as in Figure 1. Error bars show standard error on the
mean.
Figure 4. (a) Mean number of species per guild in each woodland area bin, and (b) mean fraction of the total encounter rate that is
contributed by each guild in each woodland area bin, where the guilds are: non-woodland species (black crosses), woodland generalists
(red squares) and woodland specialists (green circles). Vertical error bars show standard error on the mean. Horizontal error bars show
the areas of the largest and smallest woodlands in each area bin. Black dotted line, red dashed line and green solid line in (b) show
linear model ﬁt from Table 3 for non-woodland species, woodland generalists and woodland specialists, respectively.
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area dependences for non-woodland species and
woodland generalists were not signiﬁcantly diﬀerent
from zero, due to the small sample size and weakness
of the trends, the positive area dependence for
woodland specialists was signiﬁcant (Table 2). This
conﬁrmed the contribution of woodland specialists to
the total species richness did continue to increase with
woodland area after saturation of total species richness.
Figure 4(b) shows the mean fraction of the total
encounter rate that is due to non-woodland species,
woodland generalists and woodland specialists in each
area bin. In all area bins, the total encounter rate was
dominated by woodland generalists. The fractional
contribution of woodland specialists clearly increased
with woodland area, while the fractional contributions
of woodland generalists and non-woodland species
correspondingly decreased. For the smallest area bins,
the fractional contribution of non-woodland species
exceeded that of woodland specialists by a factor of 3,
while for the largest area bins, the fractional
contribution of woodland specialists exceeded non-
woodland species.
Fitting the linearmodel using fractional encounter rate
data fromall bins gave the results shown inTable 3. Again,
there was a signiﬁcant interaction betweenwoodland area
and guild (F = 11.8, df = 2, P = 0.003); the fractional
contribution of non-woodland species to the total
encounter rate showed a signiﬁcant negative trend with
woodland area, while the contribution of woodland
generalists showed no signiﬁcant trend with area, and
the fractional contribution of woodland specialists to
the total encounter rate showed a signiﬁcant positive
trend with woodland area (Table 3).
The data from bin 3 were in better agreement with the
trends from other bins when comparing fractional
encounter rate data than comparing guild species
numbers (Figure 4). This is because the additional
species inﬂating the non-woodland species numbers
were due to a small number of individuals making use
of the additional habitat types within bin 3 woodlands
and so had a small eﬀect on the total encounter rate.
Reﬁtting the linear model for mean fractional
contribution to the total encounter rate, excluding bin
3, did not substantially alter the conclusions: although
the signiﬁcance of the negative area dependence for
non-woodland species became marginal due to the
reduced sample size, the positive area dependence for
woodland specialists remained signiﬁcant.
Figure 5 shows encounter rate as a function of
woodland area for a selection of species. These
illustrate some of the species–level eﬀects contributing
to the community composition trends shown in Figure
4. Top left panel of Figure 5 shows a woodland
specialist (Green Woodpecker Picus viridis), which was
absent from the smallest woodlands. Top right panel
shows a woodland generalist (Great Tit Parus major),
which was present in the smallest woodlands but
showed higher encounter rates in larger woodlands,
suggesting these may oﬀer better habitat conditions (as
also found by Bueno-Enciso et al. 2016). Bottom left
panel shows an area-insensitive non-woodland species
(Magpie Pica pica), which occurred sporadically
throughout the area range. Bottom right panel shows
an interior-averse non-woodland species (Goldﬁnch
Carduelis carduelis), which showed higher encounter
rates in smaller woodlands.
Non-woodland species
Figure 4 shows that many non-woodland species were
making use of the sample woodlands. Although
woodland reserves are naturally aimed at supporting
woodland birds, many of these non-woodland species
Table 2. Results from regressing the mean number of species
recorded from each guild in a woodland bin (N(N, G, S))
against the mean woodland area of the bin (A) using a linear
model.
Coeﬃcient Estimate Standard error t value P(>|t|)
αN 15 3 5.08 0.015 ∗
αG 14 2 7.02 0.006 ∗∗
αS −2 2 −1.18 0.323
βN −0.8 0.5 −1.58 0.212
βG −0.8 0.4 −2.16 0.119
βS 2.5 0.3 7.49 0.005 ∗∗
Linear model equation: N =
aN
aG
aS
⎛
⎝
⎞
⎠+ log10 A
bN
bG
bS
⎛
⎝
⎞
⎠, where A is measured
in m2 and the subscripts N, G and S refer to the coeﬃcients relating to non-
woodland species, woodland generalists and woodland specialists,
respectively. Model was ﬁtted using data from bin 2, bin 4 and bin 5
woodlands, where data points were weighted by 1/1N , where 1N is the
standard error on N. Coeﬃcients which are statistically signiﬁcantly
diﬀerent from zero are marked with asterisks (∗P < 0.05, ∗∗P < 0.01).
Table 3. Results from regressing the mean fractional
contribution of each guild to the total encounter rate of a
woodland bin (F(N, G, S)) against the mean woodland area of
the bin (A) using a linear model.
Coeﬃcient Estimate Standard Error t value P(>|t|)
αN 0.6 0.2 3.84 0.004 ∗∗
αG 0.7 0.1 5.21 0.001 ∗∗
αS −0.24 0.10 −2.40 0.040 ∗
βN −0.07 0.03 −2.33 0.045 ∗
βG −0.03 0.02 −1.05 0.321
βS 0.09 0.02 4.32 0.002 ∗∗
Linear model equation: F =
aN
aG
aS
⎛
⎝
⎞
⎠+ log10 A
bN
bG
bS
⎛
⎝
⎞
⎠, where A is measured
in m2 and the subscripts N, G and S refer to the coeﬃcients relating to non-
woodland species, woodland generalists and woodland specialists,
respectively. Model was ﬁtted using data from all ﬁve woodland bins,
where data points were weighted by 1/1F , where 1F is the standard error
on F. Coeﬃcients which are statistically signiﬁcantly diﬀerent from zero
are marked with asterisks (∗P < 0.05, ∗∗P < 0.01).
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are also of conservation concern (Table 1). Figure 6
shows the mean fraction of non-woodland species
recorded in each woodland bin that are considered to
be of conservation concern in the UK according to
Eaton et al. (2015). The bin 3 woodlands contained the
largest fraction, with the fraction of non-woodland
species of conservation concern decreasing sharply for
smaller woodlands and less steeply for larger woodlands.
Discussion
Our study showed that woodlands smaller than 3.6 ha
had signiﬁcantly lower total species richness and
showed a signiﬁcant positive relationship between total
species richness and woodland area. Woodlands larger
than 3.6 ha were consistent with a mean (±se) total
richness of 25.4 ± 0.6 species. If we rely solely on the
total species richness-area relation, we therefore
conclude that woodlands larger than 3.6 ha provide the
most valuable woodland habitat, since these all show
the maximum total species richness. Woodlands
smaller than this threshold are primarily valuable as
habitat stepping stones, while all woodlands larger than
this threshold are indistinguishable, all appearing to
provide suﬃcient conditions for this maximum
number of species. We can make only one
recommendation: that new woodland reserves (whether
planted or created from existing woodland) should
ideally be larger than this 3.6 ha threshold in order to
maximize total avian species richness.
However, analysing the community composition of
these woodlands revealed signiﬁcant changes in guild
species numbers and encounter rates, beneath the
trend in total species richness (Figure 4). Woodlands
above the 3.6 ha threshold clearly did not all provide
the same level of beneﬁt to woodland specialists,
woodland generalists and non-woodland species. For
instance, in the smaller woodlands, non-woodland
species were more likely to be encountered than
woodland specialists, and vice versa in the largest
Figure 5. Encounter rate as a function of woodland area for a woodland specialist (Green Woodpecker Picus viridis), a woodland
generalist (Great Tit Parus major), an area-insensitive non-woodland species (Magpie Pica pica) and an interior-averse non-
woodland species (Goldﬁnch Carduelis carduelis). Each black point shows the mean encounter rate across the three surveys in a
given woodland. Error bars show standard error on the mean.
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woodlands (Figure 4(b)). Furthermore, the 3.6 ha
threshold itself becomes less meaningful when
examining species numbers per guild (Figure 4(a)).
The contribution of woodland specialists to the total
species richness continued to increase with woodland
area (Figure 4(a)), despite the saturation of total
species richness at 3.6 ha. Our results agree with the
ﬁndings of Matthews et al. (2014), who combined data
from multiple studies to show that richness of
woodland specialists can exhibit a stronger dependence
on woodland area, which can be masked when simply
considering total species richness. The fractional
contribution of woodland specialists to the total
encounter rate signiﬁcantly increased with woodland
area across the entire area range (Figure 4(b)),
implying woodland specialists represent a larger
fraction of the avian community in larger woodlands
(assuming constant detectability with area), and Figure
5 suggests this may not be solely due to larger
woodlands containing more woodland specialist
species, but also due to individual woodland species
showing higher encounter rates (i.e. higher abundance)
in larger woodlands. This suggests bigger woodlands
are better for woodland specialists. However, we found
even the largest woodlands did not contain all
woodland specialists recorded during the study, as also
noted by Robbins et al. (1989). Internal habitat is
important and can be a limiting factor for species with
speciﬁc habitat requirements (Hewson et al. 2011).
This suggests (1) new woodland reserves aimed
speciﬁcally at providing habitat for woodland
specialists should ideally be much larger than the
3.6 ha threshold implied by our examination of total
species richness, and (2) large woodlands (over 25 ha)
should focus management eﬀorts on providing the
speciﬁc internal habitats required by woodland
specialists.
The 3.6 ha threshold is also not particularly
meaningful for non-woodland species, which showed a
maximum in species numbers in the medium-sized bin
3 woodlands, with lower species numbers occurring in
both smaller and larger woodlands (Figure 4(a)). The
fraction of non-woodland species that are of
conservation concern also peaked in these medium-
sized bin 3 woodlands (Figure 6). These bin 3
woodlands showed signiﬁcantly diﬀerent habitat
composition and internal habitat variety (e.g. presence
of clearings and ponds) can increase the attractiveness
of a woodland to non-woodland species, e.g. Linnets
Carduelis cannabina using gorse within agricultural
woodland 12, House Sparrows Passer domesticus using
scrub within urban woodland 9 and wetland birds in
bin 3 woodlands. Bellamy et al. (1996) found that the
number of edge-species correlates with perimeter
length, so the high perimeter:area ratios of some
medium-sized woodlands may be a contributing factor
(Figure 1), along with the concentration of
watercourse/wetland perimeter woodlands in bin
3. However, an additional factor may be that such
medium-sized woodlands are typical of the type
adopted by conservation organizations and as such
may receive more regular management designed to
promote internal habitat variety. This suggests that, in
addition to providing habitat for woodland specialists
and generalists, medium-sized woodlands can also
provide important beneﬁts for non-woodland species
in the surrounding landscape which may also be of
conservation concern. The fractional contribution of
Figure 6. Mean fraction of non-woodland species recorded that are red listed and amber listed in each woodland bin, according to the
UK conservation status assigned to each species by Eaton et al. (2015), where the amber list includes species of moderate conservation
concern and the red list includes those species of highest conservation concern.
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non-woodland species to the total encounter rate
signiﬁcantly decreased with increasing woodland area
(Figure 4(b)) so, crucially, these woodlands are large
enough to contain internal habitat variety but not so
large that potentially interior-averse non-woodland
species are discouraged from entering them. This
suggests that medium-sized woodlands (approximately
between 4 and 25 ha) should focus management eﬀorts
on maximizing internal habitat variety, in order to
beneﬁt both woodland species and non-woodland
species of conservation concern in the surrounding
landscape.
Out of the three guilds, woodland generalists
dominated the total encounter rate across the area
range (Figure 4(b)) and also showed the smallest
change in species numbers across the area range (a
mean of 8 species in the smallest area bin versus 9–10
species for bins above the 3.6 ha threshold; Figure 4
(a)). This small change in species numbers with area is
likely a reﬂection of these species’ ability to make use
of additional habitats beyond the wooded environment
and/or a greater willingness to cross habitat gaps and
make use of multiple smaller woodlands (Tjernberg
et al. 1993). This suggests that woodlands smaller than
the 3.6 ha threshold still provide important resources
for woodland birds and that landowners of small
woodlands (less than 4 ha) should focus eﬀorts on
improving their connectivity via hedgerows and/or
planting other small woodlands nearby, in order to
maximize habitat for woodland generalists and
facilitate movement of woodland specialists.
Our study has shown that examining species numbers
per guild, and including information on the relative
abundance of these guilds, both highlights the
limitations of the total richness approach and allows us
to signiﬁcantly improve on its simple minimum area
recommendations. Instead of focusing on binary area
cut-oﬀs, the community composition approach allows
us to recognize and quantify the value of diﬀerent
sized woodlands to diﬀerent groups of birds. Crucially,
it allows us to identify guild-speciﬁc recommendations
for optimizing woodland habitat across the entire
woodland area range, enabling targeted
recommendations that reﬂect the interdependence of
woodland area and avian community composition.
Assumptions and caveats
We have equated changes in fractional encounter rate to
changes in relative abundance by assuming that the
detectability of individual species does not vary
between woodlands and, crucially, that it does not vary
with area. Vegetation density can reduce visibility,
however there were no signiﬁcant diﬀerences in habitat
composition between the area bins (excluding bin 3)
and on average 85% of encounters involved vocal
detections, which are less aﬀected by habitat variation.
Species may sing less in very small woodlands, due to
lack of neighbouring individuals reducing song rate
(McShea & Rappole 1997), however care was taken to
compensate for this by searching for visual detections,
with visual-only detections constituting on average
40% of detections in the three smallest woodlands,
compared to 15% across the entire sample.
Proximity to other woodlands can inﬂuence presence/
absence of some woodland species (Opdam et al. 1984);
where woodlands are close together, species not averse
to gap crossing may make use of multiple small
woodlands (Tjernberg et al. 1993), while dispersion
between woodlands may be a problem when woodlands
are far apart (Matthysen & Currie 1996). Increased
isolation can therefore reduce species richness (Chang
et al. 2017). All study woodlands were less than 0.7 km
from another woodland. Many passerines typically
disperse less than ten territories from hatching sites
(Greenwood & Harvey 1982), with female Great Tits
dispersing on average 0.879 km (Greenwood et al.
1979). Note that dispersal distances measured by
Greenwood et al. (1979) in Wytham Woods (southern
England), where nest boxes are provided, may be more
conservative than those in other areas; Paradis et al.
(1998) found typical dispersal distances of a few
kilometres for woodland birds, while ringing data from
Redcar and Cleveland (northern England) has shown
Great Tit dispersal distances of 6 km for multiple
individuals, although these are a minority (T. Dewdney,
pers. comm.). This implies dispersion may be less
restricted within our sample, and spatial independence
aﬀected in some cases. Therefore, in regions with poorer
connectivity than the study area, woodland specialists in
particular may show a stronger decline in species
numbers and encounter rates with decreasing area,
causing a corresponding increase in the minimum area
derived from analysing total species numbers.
All surveys were conducted in established woodlands.
Newly created woodlands show a time delay between
creation and subsequent colonization, with woodland
specialists showing signiﬁcantly longer time lags than
generalists (Whytock et al. 2018). This time lag will be
aﬀected by the management regime within the new
woodland and its proximity to established woodland
specialist populations. This implies new small
woodlands (aimed at maximizing habitat for woodland
generalists) may achieve their maximum species
numbers and steady-state community composition
faster than new large woodlands (aimed at conserving
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woodland specialists), which may require over 50 years
to achieve the required stand structure and subsequent
colonization by woodland specialists (Whytock et al.
2018).
Our study area represents habitat typical of the highly
modiﬁed landscape of southern UK. Similar scale studies
in other regions are needed to shed light on the extent to
which our management recommendations and area
deﬁnitions for small, medium-sized and large
woodlands should be adjusted in landscapes with
better/poorer woodland connectivity and with more/
less well established woodland bird populations.
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